The product of the secB gene is required for export of a subset of secreted proteins to the outer membrane and periplasm of Escherichia coli. Precursor maltose-binding protein (MBP) accumulates in the cytoplasm of secB-carrying mutants, but export of alkaline phosphatase is only minimally affected by secB mutations. When export of MBP-alkaline phosphatase hybrid proteins was analyzed in wild-type and secB-carrying mutant strains, the first third of mature MBP was sufficient to render export of the hybrid proteins dependent on SecB. Substitution of a signal sequence from a SecB-independent protein had no effect on SecB-dependent export. These findings show that the first third of mature MBP is capable of conferring export incompetence on an otherwise competent protein.
Proteins which are destined for export to the outer membrane or periplasm of Escheric/iia coli are synthesized in precursor form with a signal peptide at the amino terminus. Although the signal sequences exhibit no primary sequence homology, conservation of hydrophobic and hydrophilic domains within the signal peptide is required for normal export (15) . When the protein crosses the inner membrane, the signal sequence is cleaved by leader peptidase, yielding the mature form (28) . Specific regions within the mature sequence of exported proteins can also contribute to export efficiency (7) .
Genetic studies have indicated that several genes are required for normal protein export in E. coli. These include secA (18) , secB (11) , secD (8) , secE (22) , and sec Y (pr/A) (6, 23) . Recent biochemical studies have identified several cytosolic factors required for in vitro translocation of proteins into membrane vesicles (3, 17, 27) . In addition, biochemical evidence has suggested that factors are present which interact with the maltose-binding protein (MBP) precursor to maintain the protein in a protease-sensitive, export-competent conformation (20) .
Mutations in the see-B gene cause severe defects in protein secretion. In contrast to the general effects of other sec gene mutations, mutations in secB affect a specific subset of secreted proteins, including MBP. In the absence of SecB, export-incompetent precursor MBP accumulates in the cytoplasm and cotranslational processing of precursor MBP is eliminated (13) . In contrast, efficient export of alkaline phosphatase (AP) is not dependent on the secB gene product (12) .
We compared the secretion and processing of MBP, AP, and MBP-AP hybrid proteins in wild-type and secB-carrying mutant strains to examine further the function of SecB in the protein export process and the nature of SecB-dependent export versus SecB-independent export.
MATERIALS AND METHODS
Materials.
[35S]methionine (1, Products. Anti-MBP and anti-AP antisera were the kind gifts of P. Bassford and C. Gardel, respectively.
Bacterial strains and plasmids. The E. coli K-12 strains used in this study are listed in Table 1 . Strains KS209, KS211, KS215, and KS218 contained plasmids pma/E:: TnphoAJ-I, pma/E::TnphoAIB, pma/E::TnphoA15-1, and pmna/E::TnphoA4-1, respectively, and were the kind gift of K. Strauch (25) . The plasmids were isolated by rapid plasmid extraction in NaOH (24) . PG217 and PG218 were constructed by P1 transduction (16) from strain AW1046 [MC4100 tsx: :Tn5 A(phoA proC)] of A. Wright. Transformation of the pma/E::TnphoA fusions into PG217 and PG218 was by standard procedures (24) , except that PG218 was grown in M63-glucose (0.2% vol/vol)-thiamine (5 pLg/ml).
Construction of pPL-6A. pmalE contains the entire sequence of the ina/E gene and was the kind gift of C. Lee. The TaqI (4) site, located in codon 2 of the mature MBP sequence, was converted to an EcoRI site by partial digestion with TaqI, filling in with the Klenow fragment (24) , and ligation to an EcoRI fragment which carries the gene for Kanr and was similarly treated with the Klenow fragment. The resulting Mal-Kan'-plasmid, designated pPL-5A, contains an EcoRI-Hinfl fragment that specifies the mature MBP open reading frame from amino acids 3 through 366 (Fig. 1) . pPL-2, a phoA vector, contains a multicloning sequence which allows in-frame insertions of any open reading frame between the phoA signal sequence (phoA~s) and mature phoA (phoA') (P. Li and H. Inouye, manuscript in preparation). The XmaI site of pPL-2 was digested and filled in with the Klenow large fragment, and the EcoRIHinfl malE fragment was inserted, after filling in, into the phoA polylinker (Fig. 1) . The sequences of upstream and downstream fusion joints were verified by DNA sequencing (Fig. 2) . The plasmid carrying the phoAss-ma/E-phoA' fusion was designated pPL-6A. The polylinker between the mature inalE sequence and the phoA' sequence contains an amber stop codon, and in a supo host, pPL-6A encodes a PhoA.s-MBP fusion protein.
Radiolabeling, immunoprecipitation, and electrophoresis. Cells were grown in M63 medium (16) (20 , uCi/ ml) . For pulse-chase experiments, chloramphenicol and nonradioactive methionine were added after 15 s to final concentrations of 100 ,ug/ml and 0.5 mg/ml, respectively. Cells were subjected to precipitation in trichloroacetic acid (TCA) and to immunoprecipitation as previously described (13) . For the experiment in Fig. 7 , cells (3 ml) were solubilized in sodium dodecyl sulfate (SDS) buffer (1.0% SDS, 10 mM Tris [pH 8], 1 mM EDTA), boiled for 2 min, and immunoprecipitated as described above. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and fluorography were performed as described previously (13) . The experiments in Fig. 3 , 5, and 6 used sodium salicylate, and the experiments in Fig. 4 
RESULTS
Effects of secB mutations on export of MBP, AP, and MBP-AP hybrid proteins. The export and processing of MBP, AP, and MBP-AP hybrid proteins were examined to analyze the difference between SecB-dependent export and SecB-independent export. Strains MM149, which carries the wild-type secB allele, and MM150, which contains the secB7 null mutation (12) , were incubated with [35S]methionine (10 ,uCi/ml) at 37°C. After 1 min, the cellular proteins were precipitated in TCA. The precipitate was solubilized with SDS and immunoprecipitated with anti-MBP serum. A significant accumulation of precursor MBP was found in the strain carrying secB7, indicating that MBP export was deficient and SecB dependent (Fig. 3, lanes a and b) . AP export from strains KS110 (secB+) and KS118 (secB7) was analyzed as described above, with anti-AP serum. Both the wild-type and secB7-carrying strains contained predominantly the mature species of AP, illustrating that export of AP is SecB independent (Fig. 3 Fusions between the malE gene, which encodes MBP, and the phoA gene, which encodes AP, were constructed by transposition of the TnphoA element (14) into the mnalE gene (25) . The gene products were previously characterized by Strauch and Beckwith (25) . We determined the precise fusion position for each TnphoA insertion by DNA sequencing; the results are shown in Fig. 2 .
Plasmid pmalE: :TnphoAJ-1 contains an insertion of TnphoA at amino acid 34 of the mature sequence of MBP. The export and processing of hybrid protein J-1 was examined in strains PG219 and PG220, which contain the wildtype and secB7 alleles, respectively. The proteins were labeled with [35S]methionine (10 XCi/ml) for 1 min and immunoprecipitated as described above, with anti-AP serum. The ratio of precursor to mature hybrid protein J-1 in the secB7-carrying strain (Fig. 3 , lanes e and f) was found to be similar to that of AP in a secB7-carrying strain (Fig. 3,  lane d) . In contrast, hybrid protein 4-1, which contains all but 30 amino acids of the mature sequence of MBP, accumulated in precursor form in the secB7 strain (Fig. 3, lane h) . The distinct difference in export between the short and long hybrid proteins indicated that the mature portion of MBP between amino acids 34 and 340 may influence SecB-dependent export of the fusion proteins.
We next examined malE::TnphoA fusions of intermediate lengths (Fig. 2) . To eliminate the effect of the high methionine content of the MBP signal sequence, cells were labeled with uniformly tritiated amino acids. Export and processing of the fusion proteins were analyzed in strain PG218, which contains the secB7 allele. The proteins were immunoprecipitated, as for tinct increase in the accumulation of the precursor form was observed as the amount of mature MBP in the hybrid protein was increased (Fig. 4) . A constant ratio of about equal amounts of the precursor and the mature species was reached with hybrid protein 15-1, which contains 230 amino acids of mature MBP (Fig. 4, lane d) . This distribution was similar to that of wild-type MBP (Fig. 4, lane a) . Accumulation of the precursor of hybrid protein 1B (74 amino acids of mature MBP) appeared to be intermediate between those of hybrid protein J-1 (34 amino acids of mature MBP) and hybrid protein 15-1 (230 amino acids of mature MBP) (Fig. 4,  lane c) . These results suggested that a determinant for SecB dependence of MBP was contained between amino acids 34 and 230. The intermediate SecB dependence of hybrid protein 1B suggested that the SecB-dependent determinant included the region around amino acid 74.
A pulse-chase analysis was conducted to demonstrate clearly the SecB dependence of hybrid protein 15-1 (230 amino acids of mature MBP). Strain CK1961 (secB::Tn5), which contains pmalE::TnphoA15-1, was labeled with [35S]methionine (10 p.Ci/ml) for 15 s and chased with unlabeled methionine and chloramphenicol for 1, 3, and 10 min. Samples were TCA precipitated and immunoprecipitated with anti-AP serum. A significant portion of hybrid protein 15-1 remained in precursor form after a 10-min chase, thus exhibiting SecB-dependent accumulation (Fig. 5, lanes a-d) . Pulse-chase analysis of wild-type MBP in secB::Tn5-carrying strains yielded similar results (13) . In wild-type cells, export of hybrid protein 15-1 was rapid and only the mature form was seen after the 15-s pulse (data not shown).
Effect of secB mutations on export of mature MBP with the AP signal sequence. phoA-malE hybrid protein was used. pPL-6A contains a fusion of the phoA signal sequence to the malE mature sequence ( Fig. 1 and 2) carrying strain (Fig. 6) . Cell fractionation experiments corroborated these results, since only the processed form was released by cold osmotic shock (data not shown). This demonstrated that a signal sequence from a SecB-independent protein could not rescue a SecB-dependent mature sequence from accumulation in a secB7-carrying strain.
Effect of secB mutations on export of MBP amber fragments. We analyzed amber fragments of MBP to confirm the conclusion that the first 230 amino acids of MBP are critical for SecB dependence. These amber mutations have been previously described by Ito et al. (10) . The malE-carrying amber mutants were assayed for precursor accumulation in strains containing the wild-type or secB7 allele. Strains KS380 [secB+ malEl4(Am)], PG161 [secB7 malEJ4(Am)], KS383 [secB+ malE33(Am)], and PG163 [secB7 malE33(Am)] were grown to the same density, labeled for 30 s with 3H-labeled L-amino acids (20 pCi/ml), and solubilized in SDS. Samples were immunoprecipitated with anti-MBP serum in the presence of phenylmethylsulfonyl fluoride (150 ,ug/ml). Precursor forms of the MalE14(Am) and MalE33(Am) fragments (exhibiting the mobilities expected on the basis of previous results [10] ) accumulated in secB7-carrying strains (Fig. 7, lanes c and e) . The unstable processed forms of the amber fragments were difficult to detect, since they were rapidly degraded in the periplasm (Fig. 7,  lanes b and d) . These data demonstrate that the MalE33(Am) fragment, which contains about the first third of the mature MBP sequence, is a SecB-dependent moiety. (19) demonstrated that in the absence of a membrane potential, the mature portion of FO-ATPase subunit 9 is required for specific binding of a precursor protein to a protease-sensitive component on the mitochondrial outer membrane. They suggested that sequences within the mature portion of subunit 9 direct the specific interaction with the outer-membrane receptor. We identified a region of mature MBP which determines its SecB-dependent export. These results present an additional example of export signals which reside in the mature portion of secreted proteins.
DISCUSSION
Watanabe et al. (26) analyzed the export of an OmpFlipoprotein hybrid protein in wild-type and secB7-carrying strains. OmpF was previously characterized as a SecBdependent protein (12) , and lipoprotein is a SecB-independent protein (26) . The OmpF-lipoprotein hybrid protein, which contains the signal sequence and the first 11 amino acids of mature OmpF fused to the mature portion of the lipoprotein, accumulated in precursor form in a secB7-carrying strain. These results are opposite to the effects observed with the MBP-AP fusions contained in secB7-carrying strains. However, lipoprotein export differs from that of other secreted proteins since the precursor is modified by glycerol and a fatty acid at the inner membrane and is processed by a separate signal peptidase. It is conceivable that for this protein, the signal sequence specifies SecBindependent export using the lipoprotein modification and processing enzymes. Alternatively, the first 11 amino acids of the OmpF mature sequence may cause SecB dependence and the exact location of the SecB-dependent region may vary within the mature portion of exported proteins.
Randall and Hardy previously demonstrated a correlation between export competence and lack of a protease-resistant tertiary structure of precursor MBP (20) . In wild-type cells treated with carbonyl cyanide m-chlorophenylhydrazone, an agent which blocks protein translocation, intracellular MBP remains protease sensitive for up to 10 min. In the secB:: TnS-carrying mutant, about 25% of precursor MBP assumes a protease-resistant, translocation-incompetent conformation (13) , suggesting that SecB is one of the cellular components that normally prevent the folding of precursor MBP. The model that SecB binds to the mature sequence of MBP provides a simple explanation for the mechanism by which SecB prevents precursor MBP folding.
